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Abstract - In this study, the formation of polystyrene (PS) nanofibers during electrospinning process was investigated using 
a simple coagulation method. The fiber diameter, bead size and bead density of the PS nanofibers electrospun from the 
solutions with three different PS concentrations were studied. It revealed that the initial stage of electrospinning was 
responsible for fiber thinning, while the later stage is responsible for improving the fiber uniformity.
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1  INTRODUCTION
Electrospinning is a simple and useful method to prepare polymeric nanofibers with controlled fiber 
dimension and morphology (Reneker, Yarin et al. 2000; Yarin, Koombhongse et al. 2001; Fang, Wang et al. 
2010). Electrospun nanofibers have many applications in areas such as drug delivery (Kenawy, Bowlin et al. 
2002; Luong-Van, Grøndahl et al. 2006), sensors (Wang, Kim et al. 2004), catalysis (Demir, Gulgun et al. 
2004), and filtrations (Wertz and Schneiders 2009). They have been also used for preparing carbon nanofibers 
which have applications in reinforcing polymer nanocomposites (Bafekrpour, Simon et al. 2012; Bafekrpour, 
Simon et al. 2012; Bafekrpour, Simon et al. 2012; Bafekrpour, Simon et al. 2013; Bafekrpour, Simon et al. 
2013). During electrospinning, the electrostatic force leads to a jet ejection from the polymer solution. Because 
of the interaction between the charged jet and the electric field, a whipping process happens which leads to 
thinning the filament. Solvent evaporates in the meanwhile results in dried nanofibres which deposit on the 
grounded collector forming a randomly oriented fibre web in the most cases (Fang, Wang et al. 2010). 
The electrostatic force is the most important force in the whipping process. It is interesting to boost the 
applied forces to the fibers to increase the bending instability which in turn drives the fibers to wiggle and 
decrease diameter and increase uniformity. The forces can be increased using an external electric field or 
magnetic field in addition to the existing electric field. However, the most significant point is to understand at 
which step (distance from the tip) jet thinning takes place. As the time taken by the fiber to reach the collector is 
of the order of milliseconds, the in situ monitoring of the internal structure development is not feasible. A high-
speed video camera combined with a long distance optical microscopic has been used to observe the 
electrospinning process (Reneker, Yarin et al. 2000; Yarin, Koombhongse et al. 2001). Although the whipping 
process, jet formation and fiber filament was able to be captured using this method, the nanofiber formation 
from filament was difficult to be observed due to the relatively low resolution of optical microscope.  
In this work, we use a coagulation solution to quickly solidify the newly-electrospun fibers at different 
electrospinning distances to observe the fiber morphology changes. This unique coagulation method enables 
uring electrospinning 
which in turn provides essential information for enhancing electric field in order to have thinner and more 
uniform fibers. 
2  EXPERIMENTAL 
2.1 MATERIALS 
Polystyrene (PS), N, N-dimethylformamide (DMF), Tetrahydrofuran (THF) and ethanol were obtained 
from Aldrich and used as received. 10, 12, and 14wt% PS solutions containing DMF/THF (1:1 in volume) were 
prepared by dissolving PS in the mixed solvent at 80°C.  
 
2.2 ELECTROSPINNING APPARATUS 
Fig. 1 schematically illustrates the coagulation electrospinning setup used in this research. To capture the 
morphology of fibers during electrospinning process, the fibers were directly electrospun into a containing 
ethanol bath. It has been shown that a polymer solution can be solidified using a nonsolvent as coagulant (Fang, 
Wang et al. 2010). Once the fibers enter the ethanol bath, they were immediately coagulated and their as-
electrospun morphology was retained. A grounded round metallic plate was placed at the bottom of the ethanol 
bath at a constant distance of 15 cm form the needle tip. The distance between the needle tip and ethanol surface 
(d) was controlled by changing the depth of the ethanol in the coagulation bath. The PS solutions were loaded 
into 5 mL plastic syringes which were placed on a digital syringe pump (KD scientific) and connected to a high 
voltage power supply (ES30P, Gamma High Voltage Research) via a metal syringe needle (21 Gauge). During 
2electrospinning, the flow rate of the PS solutions was set as 1.0 mL/h, and the spinning distance d was varied at 
a range from 2-10 cm. The applied voltage for each d was calculated from simulation. 
 
 
Fig. 1 Coagulation electrospinning setup for capturing the fiber morphology as different distances. 
 
2.3 CHARACTERIZATION 
Fiber morphologies were observed under a scanning electron microscope (SEM, Neoscope). The fiber 
diameters and bead size were calculated based on the SEM images using an image-analysis software (ImagePro 
+ 6.0). At least 100 measurements were taken for each sample. In order to understand the electric field in the 
coagulation electrospinning setup, simulation was performed using a finite element method based software 
package, COMSOL Multiphysics. The electric field intensity and Paschen effect have been investigated in both 
normal and coagulation electrospinning setup. The electric potential of the needle was set to the applied 
potential of the experiment and the electric potential of other boundaries were set to zero. 
 
3  RESULTS AND DISCUSSION 
Fig. 2 shows the electric field intensity and electric potential distribution in normal electrospinning and 
coagulation electrospinning setups at an applied voltage of 18 kV.  A Paschen breakdown can be observed in 
the electrical field by adding the ethanol bath as a dielectric substance to the setup. The electric field was 
analysed in both normal and coagulation electrospinning setups at different spinning distances and the Paschen 
breakdown curves were shown Fig. 3.  
 
 
Fig. 2 Electric field intensity and electric potential for (a) normal electrospinning setup (b) coagulation
electrospinning setup. (Applied voltage =18 kV, D=15 cm). 
 
3 
Fig. 3 Electrical field intensity profile of the normal electrospinning and the coagulation electrospinning 
setups. (D=15 cm and d was set as 2, 3, 4, 5, 6, 7, 8, 9 and 10 cm). 
 
It can be seen that the resulting electric field intensity at a given spinning distance in the coagulation
electrospinning is higher than that in the normal setup at the same applied voltage due to the Paschen 
phenomenon. For example, the electric field intensity at 2 cm from the needle in coagulation setup when d=2 
cm is 5.3 kV/cm while it is 1.4 kV/cm in the normal electrospinning setup. Therefore, to have the same electric 
field intensity at each d in the coagulation electrospinning as the normal setup, a trial-and-error method was 
used to calculate the required applied voltage in the coagulation electrospinning setup. The results are tabulated 
in Table 1. As the spinning distance decreases, a lower applied voltage is required to achieve the same electric 
field intensity as that in the normal setup. 
 
Table 1 Calculated the required applied voltage for needle in coagulation-electrospinning setup to have the 
same electric field intensity as in normal electrospinning setup ad different distances from the needle. 
 d (cm) 
 2 3 4 5 6 7 8 9 10 
Required 
applied 
voltage 
(kV) 
5.8 6.5 7.5 8.2 9.0 9.8 11.0 12.2 13.5 
 
The PS solution was directly electrospun into the ethanol solution using the apparatus shown in Fig.1 and 
calculated applied voltages for each d listed in Table 1. Fig. 4. shows the SEM images of the PS fibers 
electrospun from 10 wt % PS solution coagulated at 2 10 cm away from the needle tip. A lot of beads were 
observed in short collecting distances with very few fibers starting to be produced. However, as the collecting 
distance increased the beads became smaller and more fibers were formed. Also, the bead density decreased 
with the increase in collection distance (d). The beads were not completely converted to fibers presumably 
because the filaments contained a high concentration of solvent and the fiber stretching force was relatively 
weak at the later stage of the whipping. 
 
4 
Fig. 4 SEM images of electrospun PS nanofibers at different collecting distances; (a) 2 cm, (b) 3 cm, (c) 4 cm, 
(d) 5 cm, (e) 6 cm, (f) 7 cm, (g) 8 cm, (h) 9 cm, and (i) 10 cm (PS concentration =10 wt %). 
5 
Fig. 5 SEM images of electrospun PS nanofibers at different collecting distances; (a) 2 cm, (b) 3 cm, (c) 4 cm, 
(d) 5 cm, (e) 6 cm, (f) 7 cm, (g) 8 cm, (h) 9 cm, and (i) 10 cm (PS concentration =12 wt %). 
 

